Permanent magnet synchronous motors (PMSMs) are often used in automotive applications due to their high power density. In the design process of electrical machines, the analysis of heat transfer is of equal importance as their electromagnetic one, because the temperature rise of the machine eventually determines the maximum output power with which it is allowed to be constantly loaded. Overheating in PMSM has a negative impact on the machine due to the phenomenon of demagnetization of the Permanent Magnets (PMs) as well as due to the thermal ageing of insulation. This paper deals with the thermal modeling of PMSM using Lumped Parameter Thermal Network (LPTN) and FE (Finite Element) model. Through analogy with the electrical circuits, the thermal network of the machine consists of thermal resistances and thermal capacitances. The power losses are represented in this equivalent circuit by current sources. Each part of the machine is represented by a node. Based on the intended node locations, the machine has been divided into sub-elements for which the thermal resistances and capacitances have been calculated by using Matlab-script for different geometric shapes. The temperature rise of the machine has been calculated by solving the network using two electrical circuits simulators, namely LT-spice and Matlab-Simulink.
I. INTRODUCTION
In recent decades, more and more electrical machines have been used in the vehicles according to the increasing demand on comfort, cost reduction and lower dangerous emissions. There are different machine types used in automotive auxiliaries applications, e.g. PMSMs, Synchronous Reluctance Machines or Squirrel Cage Induction Machines [1] . The PMSMs become more attractive for such applications, because of the great improvement of PMs, electronics and because they exhibit a high torque density [2] - [3] .
Automotive applications often require the motor to be operated in a very high ambient temperature and limited space environment. In this situation, every little elevation of temperature is risky as the heat is rapidly concentrated [4] . Besides the risk of irreversibly demagnetizing the PMs in PMSM, the most sensitive component to temperature rise is the winding insulation in the stator slots. It is the first part that will deteriorate in case of extreme operating temperature, also because the main source of the losses is the stator. Its deterioration will results in inter-turn and ultimately phase short circuits, thus complete destruction of the machine. It is therefore important to ensure that the temperature in the slots does not exceed the maximum allowed value.
With the ever increasing pressures in automotive industries to develop smaller and more efficient electrical motors for their applications, it becomes necessary to have a thermal model in the early design stage. Two main methods used for thermal modelling are the Finite Element Method (FEM) and LPTN method. The FEM can solve directly the heat distribution inside of the solid parts of an electric machine but it has the drawback of a higher computational time. The LPTN method (also called Nodal Method or Thermal Network Method) utilizes a thermal equivalent circuit for modeling the heat transfer of the machine by making an analogy between the physical quantities characterizing the heat flow and those describing the electric current flow. This method has been widely used for thermal modeling of electrical machines due to its low computational time.
This paper presents the development of a LPTN that can be used to predict the temperature in different parts of PMSMs used for Electrical Power Steering (EPS), but it can be just as well used for motors driving other automotive auxiliaries such as Parking Brakes, or Air Conditioning Compressor (ACC).
II. THERMAL MODELING
A proper thermal modeling of the PMSM is critical because of the great influence of the temperature over the machine performance and its operation life. Especially, an accurate estimation of magnets and winding heating has the main importance. Heating the magnets over its Curie temperature will cause their permanent demagnetization and an excessive temperature in the stator coils can damage their insulation, which leads to a remarkable reduction of the machine operation life [5] - [6] .
The modern approaches in thermal analysis of electrical machines are analytical LPTN method, Finite Element Analysis (FEA) -for conduction and Computational Fluid Dynamics (CFD) -for convection. These approaches have advantages and disadvantages, one of the main difference being the solving time. Once the thermal models are setup, the computational cost of analytical LPTN method is less demanding when compared to the numerical methods [7] . Figure 1 shows block diagram of modeling methods. FEM is mainly focused on electromagnetic modeling which provides for example electromagnetic torque-time graph of the motor. FEM Thermal modeling solves the heat distribution inside of an electric machine and LPTN modeling provides the machine's temperature rise. All models are coupled in such a manner that interactions are possible [5] . The main inputs of the models are the PMSM's geometrical and general characteristic, i.e. its winding scheme, dimensions, fed currents, number of poles and slots, magnets geometry, etc., as well as material properties.
A. Lumped Parameter Thermal Element
When it is modelled by means of a lumped parameter network, an electrical machine is divided into several subdomains with a simpler geometry. In each subdomain, the temperature distribution can either be yielded by solving the network analytically or approximating it. Feasible shapes of the subdomain are for example rectangular or cylindrical solid. Using the analogy between thermal and electrical conduction, the thermal behaviour of the subdomain can be described with an electrical circuit. The network has thermal elements that consist of one central node to which a capacitor and several resistors are connected. The potential of the central node is equivalent to the average temperature of the subdomain. Loss power is represented as a current source between the node and thermal ground. In order to calculate the transient behaviour, the temperature thermal capacities are added by connecting capacitors to the network's nodes [8] .
B. Studied Machine
In this paper, the studied machine is a 12-slots / 10-poles PMSM with concentrated winding used for automotive applications. Some of the machine's geometrical parameters are provided in Table I . 
C. Simplifying hypothesis
The PMSM referenced in previous part is used as the basis to develop the LPTN. To reduce the complexity of the model and increase the computation speed, some simplifying hypothesis are introduced [9] as follows:
• The losses distribution is assumed to be uniform in the winding and in the iron core.
• The thermal conductivity in the axial direction is notably lower than in the radial direction.
• The heat flow around the perimeter of the machine can generally be assumed to be symmetrical.
• Heat flows homogenously from the inner to the outer boundary.
D. Nodalization
If a real object is to be represented by a circuit model consisting of a finite number of elements, some simplifications must be inevitably made. Nodalization is the concept of dividing an object into sub-elements, where each element is represented by one node [10] - [14] . An object may principally be divided in an arbitrary way. Figure 2 presents the proposed node configuration in the 1/Zs of PMSM due to symmetries (with Zs being the number of slots). There is always a compromise between the number of nodes and accuracy of the network, because the accuracy of the thermal network can be improved by increasing the resolution of node configuration. However, the increased complexity of the network makes it more complicated to solve. In this case, the nodes have been placed in such a way, that the heat transfer of the machine can be simulated in each part of the machine for which the thermal resistances can be easily calculated. 
E. Calculation of Thermal Resistances
In a thermal network, there are four types of resistances: conductive thermal resistance, convective thermal resistance, radiative thermal resistance and contact thermal resistance [11] .
Conduction thermal resistance Rcd(°C/W) describes the heat transfer phenomenon that takes place within the same material. It occurs in both the solid and motionless gaseous parts and it can be calculated with the following expression:
where A(m 2 ) is the heat transfer area and λ(W/°C m) is the conductive heat transfer coefficient. Its value depends on the temperature of the material. The higher this value is, the more the material conducts heat.
The thermal resistance of convection Rcv(°C/W) can be calculated with the following expression:
(2)
The convective heat transfer coefficient h(W/m 2°C ) is determined according to the dimensionless Nusselt number Nu. Its value depends for instance on the viscosity of the coolant, the thermal conductivity, specific heat capacity and flow velocity of the medium [12] . Nusselt number can be calculated according to the expression (3):
where L(m) is the characteristic surface length and λc (W/°Cm) is the thermal conductivity of the coolant.
In analogy to conduction, the thermal resistance of radiation Rrn(°C/W) is defined as:
where αs(m 2 /°C) is the heat transfer coefficient of radiation. It depends strongly on the temperatures of the emitting and absorbing surfaces [12] .
The imperfect contact between two adjacent solid areas is represented by contact thermal resistance Rcn(°C/W) calculated by an expression (5).
(5)
The contact heat transfer coefficient k is due to imperfect contact between two areas. It greatly depends on the manufacturing process and is thus difficult to predict [11] .
F. Calculation of Thermal Capacitances
In order to simulate the transient behavior of the machine, thermal capacitances have been defined, their number being equal with that of the considered nodes. Each capacitor in the thermal network in the Figure 3 represents the heat capacity of the respective part of the machine.
Thermal capacity Cth(J/°C) depends on the volume of the segment Vn(m 3 ), the density of the material ρv(kg/m 3 ) and specific heat Cths(J/kg°C) of the material as follows:
. .
G. Lumped Parameter Thermal Network Model
A LPTN models the heat flow and the temperature distribution inside the motor by means of an equivalent thermal circuit, which is composed of heat sources, thermal resistances, and thermal capacitances [6] . In this work, a LPTN was implemented for modelling the heat flow within the PMSM motor, and its schematic is shown in Figure 3 . For symmetry reason only one-twelfth of the motor is modelled. A preliminary selection of the resistances and capacitances was determined according to the geometry of the motor and from the physical properties of the material used.
The main aim of this thermal model was to estimate the winding temperature and avoid the damage of the machine. The proposed thermal network consists of 12 nodes and 17 connecting thermal resistances between those nodes, which captures all the key thermal parameters and temperature raises as well as the main heat transfer paths.
H. Copper loss calculation
The copper losses are often calculated based on a constant temperature.
But in dynamic simulation, the winding temperature varies with the load condition. Using a run-time temperature feedback, the copper losses can be corrected easily according to the increase of the copper resistance [9] .
The dependency of the resistivity of copper can be described by the following expression:
where ρ0(Ω.m) is the referenced resistivity at temperature T0(°C) and α(1/°C) is the temperature coefficient of resistivity. DC copper loss of the winding is calculated by the DC resistance and the current. If the winding resistance used in the loss modeling is based on 22°C, the loss input can be corrected by the expression (8) .
where Pns0(W) is the modeled copper loss at 22°C.
The temperature coefficient for the resistivity of copper is 3.9·10 -3 1/°C, which results in approximately 50% higher copper loss at 180°C compared to the losses at 22°C in the same operating point. Figure 4a shows the winding connection of PMSM under study, whereas the copper losses in one slot are represented by one current source in the proposed thermal network (shown in Figure 4b ).
III. SIMULATION AND SIMULATION RESULTS
The calculation procedure of aforementioned thermal resistances and capacitances has been automated using Matlab-script. In order to calculate thermal resistances and capacitances, which are necessary to simulate the thermal behaviour of the machine, parameters and dimensions of the machine needs to be known.
For setting those parameters in Matlab-script, two ways have been used in order to avoid setting them manually. First option was using Python-script which serves as an interface between Matlab-script and FE-electromagnetic model developed in ANSYS/Maxwell. The second option was to load them directly from Excel-file.
The block-diagram of the interface between ANSYS/Maxwell, Excel-file and Matlab can be seen in the Figure 5 . Simulation of temperature rise of the machine has been performed using two circuit solvers, namely LTspice and Matlab-Simulink. In order to configure the simulation in LTspice using Matlab-script a set of matlab functions has been defined. The example of those functions can be seen in Figure 6 .
The latter solution was preferred, as it allows for more flexibility in terms of coupling with an optimizer -necessary for calibration of the parameters that are hard to predict.
In Figure 7 can be seen the flowchart of the developed Matlab-script for calculation of the thermal resistances and capacitances. In this script, one defines at first the motor topology, either Interior Permanent Magnet (IPM) or Surface-mounted Permanent Magnet (SPM) and all relevant parameters, such as machine geometry, ambient temperature, materials and properties of the material.
Then follows a calculation of thermal resistances and capacitances for different shapes and then calculation of lumped connecting thermal resistances between nodes and thermal capacitances assigned to the nodes. Subsequently, the thermal network was solved and plots were produced. Each of them represents the thermal network for 1/Zs of PMSM shown in the Figure 2 . In this way, it was possible to simulate the thermal behavior in all machine's parts. In the Figure 8 are shown only Zs /3 blocks in order to maintain the figure's quality. Figure 9 shows the simulated winding temperature in the slot number 1 for the PMSM under study. The simulation was performed with a constant value of 1332 At (Ampere x turn), until the winding reached the temperature 180 °C, then the DC source was disconnected and the winding was left to cool down. 
IV. COMPARISON OF SIMULATON AND EXPERIMENTAL
RESULTS To verify the proposed LPTN method and simulation results the temperature measurements have been performed.
In the Figure 10 can be seen a comparison of the simulated (black colour) and measured winding temperature (yellow colour) of the winding in the slot number 1 of studied PMSM.
The measurement was performed with a constant value of 1332 At (Ampere · turn), until the winding reached the temperature 180 °C, then the DC source was disconnected and the winding was left to cool down. It can be seen that the temperature difference at steady state is approximately 25 Kelvin, which is caused by inaccurate calculation of thermal resistances. That's why a calibration need to be done in the future using one of the optimization tool for accurate determination of the parameters. V. CONCLUSIONS The focus of this paper was to develop an LPTN for PMSM in order to determine the temperature rise in different machine parts. For that, the LPTN network method was described along with the calculation of thermal resistances, capacitances and power losses.
The validity of proposed method has been verified by simulation in Matlab-Simulink.
To verify the simulation results a temperature measurements have been performed.
A calibration need to be done in the future using one of the optimization tool for accurate determination of the parameters.
